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Abstract 
The CO2CRC Otway Project Stage 2B field test was a residual CO2 saturation and dissolution experiment carried out on the 
Paaratte Formation in the Otway Basin of Australia. During the 87 day test a downhole U-tube sampling assembly was used to 
collect formation water samples at various time intervals. The waters were analysed for chemical composition, dissolved gas 
content and stable isotopic composition of H and O. Changes in the chemical and isotopic composition of the formation water 
were observed from the initial baseline samples collected through to the conclusion of the test. Systematic reoccurrences of 
relatively large linear changes in the alkalinity, Ca2+, Fe2+, Mg2+ and SiO2(aq) were observed during different test sequences. 
Similar behaviour occurred for the G18O and G2H values suggesting a complex system controlled by at least two processes. The 
chemical evolution was consistent with CO2-water-rock interactions, dominated by carbonate dissolution with some silicate 
dissolution. The mineral dissolution driven changes in water composition are overlain by what was clearly mixing of the injected 
and in situ formation water. The isotopic composition of the water was used to confirm the role of mixing and the calculated 
residual gas saturation values were broadly consistent with those derived by other methods. The extent of reaction in the 
relatively short time frame of the test was used to evaluate the capabilities of kinetics based reaction path models. The models 
were generated using published reaction rate data with commonly used assumptions regarding upscaling of reactive surface area. 
These assumptions consist of reducing the calculated geometric surface area that accounts for grain shape and roughness by 
factors of 100 to 1000 depending on the mineral habit. The numerical models provided a very good fit to the field data indicating 
that the rate data and the associated assumptions are relatively robust. 
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1. Introduction 
Large scale demonstration projects are critical for the verification of the science supporting the geological storage 
of carbon [1]. Field scale experiments are the only way to establish the validity of the upscaling methods used to 
translate laboratory scale measurements and experiments to field scale required for generating predictive models. 
However, to date there have not yet been enough detailed field scale experiments targeting geochemical impacts of 
CO2 storage to provide a significant impetus to verification of geochemical models [2]. In particular, geochemical 
modelling supported by fluid monitoring at pilot sites is limited [eg. 3,4]. One of the difficulties with collecting field 
data that enables geochemical evaluation of carbon storage is that fluid samples from the reservoir are required. 
Collecting fluid samples from depth requires considerable effort and can be very expensive to put in place, so 
currently fluid samples from field sites are either from production wells at EOR locations like Weyburn [5] or 
Pembina Cardium [6] or through the use of novel downhole sampling systems like the U-tube sampler [7]. 
  Geochemical reaction path experiments, either as batch reactors or flow-though experiments are crucial to 
understanding the short and long term impacts of carbon storage [2]. However, while critical to the science, these 
experiments should be considered as part of the development process of large scale reactive transport models (RTM) 
rather than as ends in themselves. Reactive transport models provide the ability to assess how the coupled 
mechanisms of flow, transport and reaction will potentially impact a storage site, but generating an RTM presents a 
number of difficulties [2]. One of the problems with transitioning from the laboratory scale to the field scale has long 
been identified as that of rate differences with field rates often many orders of magnitude slower than lab measured 
rates [8]. How the difference between the two is dealt with is that of upscaling. In general several mechanisms that 
contribute to those differences have been identified. These include: surface coating; grain to grain contacts; grain 
edge faces on minerals with a tabular morphology (including clays) and; channeling of the reactive fluid flow all 
serve to limit the effective reactive surface area [8,9,10,11].   
This study utilizes data collected during a field scale CO2 residual saturation test at the CO2CRC Otway Project 
to investigate upscaling in geochemical modelling of CO2 storage. Formation water compositional data is used to 
identify the physical and chemical processes taking place in the target formation. From this, a dataset is extracted 
that is used to calibrate a geochemical reaction path model and assess how reactive surface area used in kinetics 
based models can be upscaled. 
2. Methods 
2.1. Site description 
The CO2CRC Otway Project Stage 2B field test was a residual CO2 saturation and dissolution experiment carried 
out on the Paaratte Formation in the Otway Basin of Australia [12]. The target interval of the Paaratte Formation was 
a relatively porous and permeable sandstone unit occurring at a depth of 1436-1443 m. The objective was to apply a 
number of methodologies to evaluate the in situ residual CO2 saturation [12]. The test took place between June and 
September of 2011 and involved a sequence of fluid (formation water and/or CO2) withdrawals and injections 
(Figure 1). Water was produced by utilising a gas lift method. Water was degassed at surface where excess gas was 
vented. The initial process consisted of extraction of 510 tonnes of formation water followed by injection of 100 
tonnes of formation water with noble gas tracers. This was followed by the production of 170 tonnes of water as part 
of the baseline characterisation component of the study. The injection of 150 tonnes of CO2 began shortly thereafter 
and then a period of ‘soaking’ during which the initial process of establishing residual saturation began. At the end 
of the soaking period, residual saturation of the CO2 was achieved by injecting 454 tonnes of CO2 saturated (26.2 t) 
formation water to drive any excess CO2 away from the area proximal to the well bore without additional dissolution 
of the supercritical CO2. The noble gas tracer test began 7 days later with the injection of 104 tonnes of formation 
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water with 5.7 tonnes of CO2 and noble gas tracers immediately followed by the production of 170 tonnes of 
formation water to characterise the tracer behaviour. Organic tracers were added with the injection of 6.2 tonnes of 
CO2 saturated formation water. The organic tracer test was completed with the production of 34 tonnes of water 10 
days later to allow for sufficient reaction time. The final residual CO2 saturation test was the dissolution test which 
involved the injection of 75 tonnes of formation water followed by production of 150 tonnes of water. The methods 
utilised to evaluate residual gas saturation included: pressure response; neutron logging in the well bore; thermal 
testing using a fibre optic distributed temperature sensor; noble gas tracer partitioning; reactive ester tracer 
partitioning; and dissolution testing. 
2.2. Mineralogy 
Detailed mineralogy on the Paaratte Formation was determined using thin section, XRD, SEM and QemSCAN™ 
analyses on core samples from within the injection interval (Table 1). Thin section microscopy quantification is 
based on counting 400 points including grains, cement and porosity. X-ray diffraction was carried out with a 
Siemens D501 Bragg-Brentano diffractometer equipped with a graphite monochromator and scintillation detector, 
using CuKD radiation on whole rock and the <2μm fraction. The results were interpreted using the Siemens 
software package Diffracplus Eva 10 (2003) for identification, and Siroquant V3 for quantification (using the bulk 
scan). Scanning electron microscopy (SEM) and microprobe analysis was carried out using a CAMECA SX 51 
electron microprobe (EMP for major element identification in the described minerals. EMP analyses were conducted 
at 15 kV accelerating voltage and a beam current of 20 nA. The electron beam was employed between 1 and 2 μm. 
International natural and synthetic mineral standards were used for calibration. QemSCAN™ is a patented mineral 
mapping using automated quantified SEM-EDS. QemSCAN™ was conducted on core samples through the target 
interval at FEI’s Centre of Excellence for Automated Mineralogy in Australia.  
The Paaratte Formation is quartz dominated with a moderate lithic rock fragment content and relatively low 
feldspar content. Clays tend to be pore-filling to pore-lining authigenic kaolinite, chlorite and illite. The other 
dominant cements are dolomite and calcite with minor siderite. 
Figure 1. Sequence of production and injection of formation water and CO2 during the Otway Project 2B residual test. Numbers 
indicate tonnes of water produced or extracted. 
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Table 1. Paaratte Formation mineralogy averaged for the interval. 
Mineral Volume %  
Quartz 68.5  
Albite 04  
K-feldspar 5.4  
Illite 10.9  
Kaolinite 6.4  
Chlorite 5.2  
Calcite 0.4  
Siderite 0.1  
Dolomite 1  
Pyrite 1.6  
Hematite 0.2  
 
2.3. Water analysis 
Formation water samples were collected through the U-tube sampling system to provide pristine samples for 
chemical analysis. The U-tube system allows for samples to be taken at reservoir pressure thus reducing the 
potential for compositional change through degassing at surface. U-tube sampling was conducted simultaneously 
with the water extraction periods leading to a total of 216 formation water samples collected. Of those, 72 were fully 
analysed. Water samples were collected at reservoir pressure in two 150 mL stainless steel cylinders with one 
cylinder dedicated to the dissolved inorganic carbon analysis and the other for T, pH, alkalinity and major, minor 
and trace cations and anions as well as G18O and G2H. A dual channel pH/conductivity meter (Jenway 3540) was 
used for the determination of T, pH and EC values. U-tube water samples were analysed for total alkalinity by 
titration. Anions (F-, Cl-, Br-, NO3-, PO42- and SO42- analytical error +/-5%) were analysed by ion chromatography 
using a Dionex IC series 4500i. Major minor and trace elements (B, Ba, Ca, Fe, K, Mg, Mn, Na, Si and Sr analytical 
error +/-3%) were determined using a Varian Vista AX CCD ICP-AES. The G18O and G2H isotopic composition was 
measured with a Los Gatos Research DLT-100 liquid water isotope analyser. Analytical error for the LGR was +/-
0.2‰ for G18O and +/-1‰ G2H. 
2.4. Geochemical modelling 
Geochemical modelling was carried out using the React module of the Geochemist’s Workbench [13]. Models 
were run as kinetically controlled reaction path simulations with the initial mineralogy set by those reported in Table 
1 and the initial formation water composition based on the baseline chemistry data. Rate constant, power 
dependence and activation energy data were taken from a number of sources. The data for calcite, 
chalcedony/amorphous silica, albite, K-feldspar, kaolinite, pyrite and hematite are from the compilation of [14]. 
Siderite and ankerite were set to that of siderite from [15].  Illite kinetic data are from [16] and the chlorite data are 
based on [17]. The mineral reactive surface area was assigned based on the grain size determined through SEM and 
petrographic observation and modified using the methods described in [18] for spheres and modified to fit the plate 
or tabular morphology of clay minerals. The reactivity of a mineral surface is based on the abundance of sites that 
are susceptible to interaction with the surrounding fluid. The amount of actual mineral surface that is available for 
reaction is thus often determined as being between one and three orders of magnitude less than the surface 
roughness based surface area [18]. To account for this the reactive surface areas of the minerals in the simulations 
were decreased appropriately, however, in order to achieve model fit, the surface area was the only variable used. 
2898   D. Kirste et al.  /  Energy Procedia  63 ( 2014 )  2894 – 2902 
3. Results and discussion  
The changes in the chemical composition of the water samples collected through the U-tube are shown in figures 
2 and 3. It is clear that during the first period of withdrawal between day 0 and day 10, a baseline is established for 
all dissolved constituents. In the second period of withdrawal there appears to be a general trend of a slight increase 
and then decrease of most dissolved constituents with the final values very similar to those established in the 
baseline. It is unclear as to the origin of this variation as the water volumes suggest that at least for the first half of 
the withdrawal, the injected water was produced.  
CO2 was injected just after the second withdrawal. The next 2 samples were collected on day 64 and 65 just prior 
to the injection of 104 tonnes of water for the noble gas tracer test. These two samples have elevated HCO3-, Ca2+, 
Figure 2. Plot of concentration vs. time for Cl-, HCO3- and Na+. Periods of production of water are shown in pale purple and 
coincide with sampling times. Injectionof CO2 and CO2 saturated water are shown. 
Figure 3. Plot of concentration of Ca2+, Fe2+, Mg2+ and SiO2(aq). Periods of production and injection as 
shown in figure 2. 
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Mg2+, Fe2+ and SiO2. After the injection the water composition returns to the baseline values but as water production 
continues the values of those constituents increase until the end of that production phase. At that point the values are 
the same as or slightly greater than the pre-injection numbers. Similarly, the cycle repeats for the sample taken just 
before injection of the dissolution test water and those samples collected after that injection. 
    The G18O and G2H data show a baseline established during the pre-CO2 injection time (Figures 4 and 5). The 
values just prior to the noble tracer injection and the dissolution test injection are similar to the baseline values but 
the produced waters show significant enrichment in the heavier isotopes. The trend is fairly linear typical of mixing 
between 2 end member compositions and this is consistent with the composition data. Three injected water samples 
from the dissolution test were also collected and analysed and they had values for G18O of +14‰ and G2H of +5‰. 
Figure 4. Oxygen isotopic composition of the formation water sampled over time. Production and injection 
intervals as shown in figure 2. 
Figure 5. Hydrogen isotopic composition of the formation water sampled over time. Production and 
injection intervals as shown in figure 2. 
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The water stored in the surface tanks has undergone fractionation likely through an evaporative process. However, 
the minimal change in chemical composition does not suggest significant evaporation. It is more likely that during 
the CO2 degassing process at the surface promoted evaporative fractionation of the warm formation waters. 
The isotopic composition of the water at the ends of the production periods after the noble gas tracer test and the 
dissolution test are similar to though slightly elevated from the baseline. This suggests the water samples at the ends 
of these periods, and those just before the injection, are representative of the in situ formation water composition. 
The differences between these samples and the baseline represent the extent of reaction that has occurred in the 
reservoir due to the CO2 injection. This gives several samples at different times in the evolution of the water 
composition and will be used to constrain the geochemical models. 
The output of a reaction path model that provided the best fit to the data is shown in figure 6. While the data 
show some scatter, there is a general trend of increasing concentrations with time and the relative positions of the 
predicted amounts are consistent with the data. The minerals that reacted the most were the carbonates, dolomite and 
calcite, and chlorite, with minor K-feldspar dissolution. The models also suggest a small amount of kaolinite 
precipitation may have occurred. The reactive surface areas used as input for the model mineral phases were 
consistent with values used commonly in numerical modelling of CO2 storage [19,20,21,22]. For the framework 
grains, reactive surface areas of 10 cm2/g were used, for the clay minerals values of 70 to 150 cm2/g and for the 
carbonate cement values of 10-3 to 10-4 cm2/g were needed.  
The only minerals that required reactive surface areas that were substantially lower than published values were 
the carbonates. The carbonates in the Paaratte Formation generally occur as later stage diagenetic pore-filling 
cements. They typically formed in more organic-rich zones within the unit as distinct bands or layers with very low 
permeability rather than dispersed. The averaging in the model of the mineral content over the interval likely skewed 
the carbonate content to a higher value than what is found in the porous and permeable zones into which the CO2 
would flow. This would lead to the requirement to decrease the carbonate mineral reactive surface area to 
compensate for the higher abundance entered in the model since the surface area acts as a scalar. In addition, the 
carbonates tend to occur as pore occluding cements giving them a smaller surface availability than found for mineral 
grains.  
Figure 6. Plot of the output of the geochemical reaction path model with data from the 
sampled formation water shown. 
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4. Conclusions 
The CO2CRC Otway Project 2B residual CO2 saturation test provided valuable fluid chemistry data that enabled 
physical and chemical processes taking place upon introduction of CO2 to be indentified and utilized in the 
evaluation of geochemical models. The processes included CO2-water-rock interactions as well as mixing of 
injected fluids and in situ formation water. The geochemical models indicate that carbonate mineral dissolution 
dominates with chlorite dissolution also taking place within the time span of the test. Reactive surface areas 
determined though history matching the data through geochemical modelling are consistent with values commonly 
used in reactive transport simulations providing evidence that assumptions used in the modelling are valid. 
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